Abstract The global distribution and variations of NO infrared radiative flux (NO-IRF) are presented during [2002][2003][2004][2005][2006][2007][2008][2009][2010][2011][2012][2013][2014][2015][2016] in the thermosphere covering 100-280 km altitude based on Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) data set. For investigating the spatial variations of the mutual relationship between NO-IRF and solar activity, the altitude ranges from 100 km to 280 km are divided into 90 altitude bins, and the latitude regions of 83°S-83°N are divided into 16 latitude bins. By processing about 1.8E9 NO-IRF observation values from about 5E6 vertical nighttime profiles recorded in SABER data set, we obtained more than 4.1E8 samples of NO-IRF. The annual-mean values of NO-IRF are then calculated by all available NO-IRF samples within each latitude and altitude bin. Local latitudinal maxima in NO-IRF are found between 120 and 145 km altitude, and the maximum NO-IRF located at polar regions are 3 times more than that of the minimum at equatorial region. The influences of solar and geomagnetic activity on the spatial variations of NO-IRF are investigated. Both the NO-IRF and its response to solar and geomagnetic activity show nearly symmetric distribution between the two hemispheres. It is demonstrated that the observed changes in NO-IRF at altitudes between 100 and 225 km correlate well with the changes in solar activity. The NO-IRF at solar maximum is about 4 times than that at solar minimum, and the current maximum of NO-IRF in 2014 is less than 70% of the prior maximum in 2001. For the first time, the response ranges of the NO-IRF to solar and geomagnetic activity at different altitudes and latitudes are reported.
Introduction
Nitric oxide (NO) plays a significant role in the infrared radiative energy budget at the middle to upper atmosphere (Kockarts, 1980; Lu et al., 2010; Sheese et al., 2011) . Its emission at 5.3 μm is the major infrared radiative cooling mechanism in the thermosphere (Mlynczak et al., 2014 (Mlynczak et al., , 2015 . The NO infrared radiative cooling has a critical effect on the atmospheric thermal structure (Hunt et al., 2011; Qian et al., 2011) . The energy balance and thermal structure of middle atmosphere are dominated by dynamics and solar activity cycle (Beig et al., 2008) . Incoming solar radiation provides the external forcing for the thermosphere atmosphere system. The NO infrared radiative flux (NO-IRF) in the thermosphere atmosphere is greatly affected by solar variability (Mlynczak, Hunt, Kozyra, et al., 2010; Oberheide et al., 2013) . The response of NO-IRF to solar activity affects the energy budget balance. Hence, the investigations for NO-IRF have been extensively studied. Gordiets and Markov (1977) and Kockarts (1980) pointed out the primary NO radiative cooling mechanism in the thermosphere. Sharma et al. (1996) indicated that infrared radiative emissions from NO are efficient in cooling the thermosphere. Lu et al. (2010) examined the relationship between the global Joule heating and global radiative cooling due to NO emissions. Mlynczak et al. (2007) analyzed nearly 5 years of NO-IRF data from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)/Thermosphere, Ionosphere, Mesosphere, Energetics, and Dynamics (TIMED) satellite and documented the decrease in NO-IRF associated with the start of the declining phase of solar cycle 23. Mlynczak, Hunt, Thomas Marshall, et al. (2010) presented 7 years SABER observations of the infrared radiative cooling by carbon dioxide (CO 2 ) and nitric oxide (NO) in Earth's thermosphere and documented a large decrease in the cooling rates, fluxes, and power consistent with the declining phase of solar cycle 23, that is, half of solar cycle. Mlynczak et al. (2014) presented 12 years satellite remote sensing data of the thermospheric infrared cooling by NO and CO 2 during -2013 . Mlynczak et al. (2015 further presented the solar and geomagnetic responses of the daily global power radiated by NO using multilinear regression with 60 day running means.
However, the temporal and spatial distribution of the NO-IRF has seldom been reported in the thermosphere covering 100-280 km altitude between ±83°latitude, and the numerical analysis of the response of NO-IRF to solar and geomagnetic activity on a latitudinal and altitudinal basis has not been reported previously.
The Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) commenced scientific operations in January (Jan) 2002 after a launch into orbit on NASA's Thermosphere, Ionosphere, Mesosphere, Energetics, and Dynamics (TIMED) spacecraft in December 2001. During the last 15 years, SABER instrument has chronicled the continuous observations the atmosphere from above~13 km altitude of the Earth surface up to the thermosphere. In particular, SABER provided the retrieved vertical profiles of NO-IRF in the thermosphere by using the emission from the vibration-rotation bands of NO. These data represent the first continuous, global observations of the radiative flux associated with primary radiative cooling mechanism in the thermosphere at high vertical and horizontal resolution with coverage of one complete solar cycle. Thus, SABER measurements are optimal data source for investigating the global distribution and variations of the NO-IRF in the thermosphere.
In this paper we present a 15 year continuous SABER record of NO-IRF in the thermosphere and discuss the effects of solar variability that is now fully evident in this unprecedented data set. Section 2 outlines the methods of data processing and analysis. The distribution and variations of NO-IRF and the NO-IRF response to solar and geomagnetic activity are presented in section 3. The brief discussions and concluding remarks are given in section 4.
Data and Methodologies

Data Source
In order to assess the NO-IRF completely, the total amount of radiation emitted by the NO molecule should be known. The vertical NO-IRF profiles we used in this investigation are "NO_ver_unfilt" (covering~50 tõ 155 km altitude) and "NO_ver_top_unfilt" (covering~155 to~280 km altitude) fields in SABER version 2.0 (V2.0) Level 2A data set. The "unfilter" correction takes into account frequency response of SABER radiometer and provides a computation of all of the radiation emitted by NO molecule. The NO-IRF profiles are in units of ergs/cm 3 /s (1 ergs/cm 3 /s = 10 8 nW/m 3 ). In order to provide a relatively accurate data, we opt to the (nW/m 3 )
units in the following analysis. Further details about the SABER instrument and the data processing procedures are provided by Mertens et al. (2001 Mertens et al. ( , 2003 , Mlynczak et al. (2005) , Mlynczak, Hunt, Thomas Marshall, et al. (2010) , Remsberg et al. (2003 Remsberg et al. ( , 2008 , and Russell III et al. (1999) .
The SABER data NO-IRF we used from 19 March (Mar) 2002 to 3 Mar 2017 downloaded from ftp://saber.gatsinc.com/Version2_0/Level2A/, and the corresponding measurement data F 10.7 (solar activity index) and Kp (geomagnetic activity index) downloaded from ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/ INDICES/KP_AP/, are adopted to perform the following analysis.
The NO-IRF Data Quality Control Processing
The information on each event contains NO-IRF, height, latitude, date, and so on. An example of the segment of a profile above 100 km, which contains about 400 NO-IRF observed values, is shown in Figure 1 . In order to investigate the spatial variations in different altitude levels, it is necessary to perform the quality control and preprocessing for the NO-IRF profiles. This is done by the following two steps. Journal of Geophysical Research: Space Physics
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Second, a 3 sigma standard deviation (3σ) method is adopted to eliminate the possible abnormal NO-IRF samples (3σ removal). For each altitude layer, any value of NO-IRF samples greater than the upper limit or less than the lower limit is identified as the possible abnormal values and is removed. The upper limit is defined as average plus 3σ value. The lower limit is defined as average minus 3σ value. When the average is lower than 3σ value, we just set the lower limit value as zero. The average value of NO-IRF for each altitude layer is shown in Figure 2b (black dot). The corresponding upper limit is shown in Figure 2b (red line), and the lower limit is shown in Figure 2b (blue line). The gray colors in Figure 2b shows the sample value ranges for each altitude layer.
The number of available global NO-IRF samples after quality control is shown in Figure 2a (red dot). Figure 2c shows the percentage of available NO-IRF samples identified in total samples for each altitude layer. From Figures 2a and 2c , we can see that the number of global available NO-IRF samples are more than 4.25 million for each altitude bin, and more than 97.8% of total samples are identified as the valid values for each altitude layer.
The Methodologies for NO-IRF Data Analyzing
The latitudinal coverage of SABER observations is either 83°N to 53°S or 83°S to 53°N depending on the yaw cycles. The TIMED/SABER spacecraft are in an orbit which repeats its local time sampling every 60 days, that is, 6 times per 360 days or 1 year. However, over the life of the mission, the 60 day time periods have been slowly changing. In order to avoid the yaw cycles impact on the global distribution and variations of the NO-IRF, we only investigate the spatial annual mean of NO-IRF, and the annual mean of NO-IRF is calculated by averaging over the "yaw years." The start and end dates of each of the yaw years are shown in Figure 3 , which are derived from the TIMED website http://saber.gats-inc.com/operations/Yearly/index.php. As shown in In order to study the spatial distributions and variations of the NO-IRF in the thermosphere and the dependence of the periodicity in the solar response of NO-IRF, analysis is conducted on both fixed latitude and fixed altitude levels. The altitude ranges from 100 km to 280 km 
Results
Spatial Distribution of the NO-IRF in the Thermosphere
In this section, we will focus on the latitude-altitude distribution of the average of NO-IRF for each spatial bin. There are 1,440 spatial bins, which is 90 altitude bins multiply by 16 latitude bins. The 15 year average of NO-IRF for each spatial bin is calculated over all available samples within the spatial bin. We normalized the NO-IRF at each spatial bin by the division of the global average (namely Figure 4 ) of the corresponding altitude layer. Figure 5a is the contour of the normalized latitudinal variations of NO-IRF in different altitude layer, which shows the latitudinal distribution characteristics of NO-IRF in the thermosphere. The results show that there are nearly symmetric features in the latitudinal distribution of NO-IRF in the thermosphere. It can be seen from Figure 5a that the NO-IRF increases gradually from the equator to the two poles below~225 km altitude. The maximum NO-IRF located at the two polar regions which is 3 times more than that of the minimum at the equatorial region, and the largest latitudinal difference of NO-IRF is located at 131 km altitude layer. At this altitude layer shown in Figure 5b , the mean NO-IRF decreases by a factor (the ratio of maximum to the minimum) of 3.33 from the Antarctic region to the equatorial region and then increases by a factor of 3.55 from the equatorial region to the Arctic region, and the maximum of NO-IRF in high latitude of North Hemisphere is stronger than that of at the South Hemisphere. Above~225 km, the latitudinal distribution characteristics of NO-IRF are basically uniform, and the difference between the maximum NO-IRF of 16 latitude zones and the minimum NO-IRF of 16 latitude zones is within 10% for any altitude layer. For example, the 279 km altitude layer shown in Figure 5c , the 15 year latitude zonal average of NO-IRF varies from a minimum 0.32 nW/m 3 to a maximum 0.34 nW/m 3 , and the maximum factor is 1.06.
Temporal Variations of the NO-IRF in the Thermosphere
The long-term variations of global NO-IRF for 90 altitude bins are investigated in this section. The annual mean of NO-IRF for each altitude layer is calculated by all available samples within the altitude bin. We normalized the annual mean of NO-IRF at each altitude bin by the division of the global average (namely, Figure 4 ) of the corresponding altitude layer. Figure 6a Figure 6b ). The F 10.7 is often taken as an index of solar activity (e.g., Beig et al., 2008; Gray et al., 2010) . These results suggest that the NO-IRF variations may be dominated by solar activity in the thermosphere from 100 km to~225 km.
Above~225 km, the annual mean of NO-IRF gradually increases from 2002 to 2016 for each altitude layer shown in Figure 6a . The maximum change rate of (45.79 ± 2.37)%/decade is located at 279 km altitude layer shown in Figure 6c . It is not clear why the NO-IRF above 225 km keeps increasing within 2002-2016. This is worthy of further investigations.
The Response of NO-IRF to Solar Activity
From section 3.2, it is found that the NO-IRF variations may be related with solar activity. We will analyze the response of NO-IRF to solar activity in this section using a linear regression.
By using 15 year time series correlation analysis between NO-IRF and F 10.7 for 90 altitude layers, we obtain the correlation coefficients of the global annual-mean series between NO-IRF and F 10.7 for each altitude level, and the results are shown in Figure 7a . As can be seen from Figure 7a , the correlation coefficient gradually increases from 0.84 to 0.97 with increasing altitude below 175 km and then gradually decreases down to 0.12 at 279 km altitude layer. Since the predictors (F 10.7 ) and predictand (NO-IRF) obey the F distribution with molecular freedom of 1 and denominator freedom of 13 (Montgomery et al., 2012) , by calculation, the critical value of correlation coefficient is 0.514 at the 95% confidence limits (Mises & Geiringer, 1964; Tang et al., 2016) . Because the correlation coefficients are greater than the critical value of 0.514 below~225 km, the corelationship analysis shows that the NO-IRF is significantly correlated to the solar activity at the 95% confidence limits during 2002-2016. The solar cycle dependence of NO-IRF gradually becomes weaker with increasing altitude above 175 km; this may be due to the thinning atmosphere with increasing altitude in the thermosphere.
By using the least squares regression analysis for the global annual-mean series of NO-IRF for 90 altitude bins, the altitudinal distribution of the response of NO-IRF to solar activity and its standard deviation are obtained, and the results are shown in Figure 7b . Because the NO-IRF above 225 km is NOT significantly correlated to the solar activity at the 95% confidence limits, we will not show the results of the response of NO-IRF to solar activity above 225 km in the following analysis. As can be seen from Figure 7b , the solar response values of NO-IRF show obvious altitude distribution characteristics. The solar response value increases gradually with increasing altitude from 100 km to 157 km altitude layer with the values varying from (4.8 ± 0.79)%/10 solar flux units (sfu) to (17.81 ± 1.29)%/10 sfu, and then gradually decreases down to (3.63 ± 1.53)%/10 sfu at 225 km altitude layer.
Then, we will focus on the latitude-altitude dependence of the NO-IRF to solar activity for each spatial bin, and the least squares regression method is applied to the annual-mean series of NO-IRF for 1,440 spatial 
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bins. The spatial distribution of the response of NO-IRF to solar activity and its standard deviation are obtained. Figure 7c shows the latitude-altitude distribution of the response of NO-IRF to solar activity, and the standard deviation of solar response is shown in Figure 7d . The solar response values vary from 2.31%/ 10 sfu to 22.70%/10 sfu, with the standard deviation varying from 0.42%/10 sfu to 2.86%/10 sfu. Both solar response and its standard deviation show nearly symmetric distribution between the two hemispheres. The solar response value decrease gradually from the equator to two poles, and the variation of the standard deviation is just inverse. The maximum solar response values are located at the equatorial region, and the maximum response value of 22.7%/10 sfu is located at~131 km altitude. In particular, the response of NO-IRF to solar activity in high latitude of North Hemisphere is remarkable greater than that of in South Hemisphere. These results suggest that the influence of solar activity on the variations of NO-IRF mainly within altitude range from 100 km to~190 km and in the middle-latitude regions, and the influence gradually decrease with increasing latitude.
The Response of NO-IRF to Geomagnetic Activity
Geomagnetic activity also affects the NO-IRF variations (Mlynczak et al., 2015) . We will analyze the response of NO-IRF to geomagnetic activity using a linear regression.
Similar to analyzing the solar cycle dependence of NO-IRF, the geomagnetic responses of NO-IRF are also investigated in this section. Figure 8a shows the correlation coefficients of the global annual-mean series between NO-IRF and Kp for each altitude bin, and the altitudinal distribution of the response of NO-IRF to geomagnetic activity is shown in Figure 8b . The spatial distribution of the response of NO-IRF to geomagnetic activity and its standard deviation are shown in Figures 8c and 8d.
As can be seen from Figure 8a , the correlation coefficient gradually increases from 0.56 to 0.79 with increasing altitude below~131 km, and then gradually decreases down to À0.35 at 279 km altitude layer. According the critical value 0.514 of the correlation coefficient, the NO-IRF is significantly correlated to the geomagnetic activity at the 95% confidence limits ranging from 100 km to 191 km since all of the correlation coefficients within the regions are greater than the critical value of 0.514. In particular, above 221 km, the correlation Figure 8b shows the altitudinal distribution of the geomagnetic response values of NO-IRF. The geomagnetic response value increases gradually with increasing altitude from 100 km to 131 km altitude layer with the values varying from (2.17 ± 0.84)%/10 NT to (9.57 ± 1.93)%/10 NT, and then gradually decreases down to (4.18 ± 1.73)%/10 NT at 191 km altitude layer.
As can be seen from Figures 8c and 8d , the spatial geomagnetic response values vary from 1.21%/10 NT to 11.34%/10 NT, with the standard deviation varying from 0.47%/10 NT to 3.36%/10 NT. Both geomagnetic response and its standard deviation show nearly symmetric distribution between the two hemispheres. The geomagnetic response value increase gradually from the equator to the poles at each hemisphere, and the variation of the standard deviation is just inverse. The maximum geomagnetic response values are located at two polar regions, and the maximum response value of 11.34%/10 NT is located at~131 km altitude. These results suggest that the influence of geomagnetic activity on the variations of NO-IRF becomes stronger with increasing latitude.
The Response of NO-IRF to Solar Activity and Geomagnetic Activity
In order to study the effects of both the solar activity and the geomagnetic index on the NO-IRF, a multiple linear regression method is applied to analyze the corelationship among the NO-IRF and the solar activity index (F 10.7 ) and the geomagnetic index (Kp).
The multiple linear regression equation defined as
where the A is a constant and B and C are the multiple linear fitting coefficients solved for in the least squares analysis which are shown in Figures 9b and 9c , respectively. The predictors (F 10.7 and Kp) and predictand (NO-IRF) obey the F distribution with molecular freedom of 2 and denominator freedom of 12 (Montgomery et al., 2012) . By calculation, the critical value of F 0.05 (2,12) is 3.89 at the 95% confidence limits. Figure 9a shows the values of F(2,12) for 90 altitude layers, and the top right corner of the graph is a partial magnification of the abscissa. It can be seen from Figure 9a , the altitude range with the values of F(2,12) larger than 3.89 is between 100 km and 225 km; hence, the NO-IRF is NOT significantly correlated to the solar activity and geomagnetic activity above 225 km altitude layer. The multiple linear coefficients "B" and "C" are shown in Figures 9b and 9c . Figure 9b shows the latitude-altitude distribution of the response of NO-IRF to the solar activity, and the spatial solar response values vary from 1.73%/10 sfu to 22.12%/10 sfu. Figure 9c shows the latitude-altitude distribution of the response of NO-IRF to the geomagnetic activity. It is shown in Figure 9c that the geomagnetic activity has effect on NO-IRF only within the region at high latitude between 100 km to~220 km (the fitted value C > 0). Figure 9d shows the standard deviation of residual error of NO-IRF for the annual-mean observation value and the multiple linear regression value for all altitude layers. Combined with Figures 7a, 8a , and 9a, it can be seen from Figure 9d that the multiple linear regression is much better than a linear regression only for F 10.7 or Kp, and the variation of NO-IRF may be dominated by solar activity between~190 km and 225 km, and there is a strong geomagnetic component to the NO-IRF variability between 100 km and 190 km in the high latitude at each hemisphere. Combined with Figures 7c and 9b or Figures 8c and 9c , the influence of solar activity on the variations of NO-IRF gradually decrease with increasing latitude, and the influence of geomagnetic activity to NO-IRF is inverse, that is, increases with latitude.
Discussion and Conclusions
Discussion
It should be pointed out, because the SABER date poleward of 53°N or 53°S exists only for 6 months a year, in alternating 2 month intervals, our investigation are not observed continuously in polar regions. Figures 9b and 9c) , the results show that the solar responses of NO-IRF are the largest near the equator and smallest at the polar regions and that the geomagnetic responses of NO-IRF are the smallest near the equator and largest at the polar regions at same altitude layer. The results suggest that the influence of solar activity on the variations of NO-IRF becomes weaker with increasing latitude and that the influence of geomagnetic activity on the variations of NO-IRF becomes stronger with increasing latitude. As for the other reasons for the distribution and variations of NO-IRF, it is worthy of further investigations.
The SABER NO-IRF data as a function of altitude were analyzed. The solar cycle dependence of NO-IRF gradually becomes weaker with increasing altitude above 175 km; this may be related to the thinning of the atmosphere with increasing altitude in the thermosphere.
Conclusions
By processing about 1.8E9 NO-IRF observation values from the valid about 5E6 vertical nighttime profiles recorded in SABER data set, we obtained a rich supply of more than 4.1E8 NO-IRF samples for investigating the distribution and variations of NO-IRF and its solar cycle dependence in the thermosphere. The investigations include the altitudinal distribution, latitudinal distribution, and temporal of NO-IRF.
Through the analysis of the spatial distribution of NO-IRF in the thermosphere, it is found that the latitudinal distribution characteristics of NO-IRF are nearly symmetric between the two hemispheres. The NO-IRF increases gradually from the equator to the two poles below~225 km altitude. The maximum NO-IRF located at the two polar region is 3 times more than that of the minimum at the equatorial region, and the maximum difference between latitude zones in NO-IRF is located at 131 km altitude layer. Above~225 km, the latitudinal distribution characteristics of NO-IRF are basically uniform.
Through the analysis of the interannual variations of NO-IRF in the thermosphere from 2002 to 2016, it is found that deep minima in the global annual mean of the NO-IRF are observed in 2008, and the maxima are found in 2002 and 2014, respectively. The NO-IRF at solar maximum is 4 times more than that at the solar minimum, and the maximum factor of 4.65 is located at 175 km altitude layer. The NO-IRF in current solar maximum conditions is much weaker than prior maximum, and the current maximum of NO-IRF in 2014 is less than 70% of the prior maximum in 2001.
Through the analysis of the solar cycle response at fixed height levels, it is found that the observed variations in the NO-IRF clearly follow solar cycle and the global NO-IRF is significantly correlated to the solar activity at the 95% confidence limits below 225 km. Through the analysis of the geomagnetic response at fixed height levels, it is found that the global NO-IRF is significantly correlated to the geomagnetic activity at the 95% confidence limits below 191 km.
Through the analysis of the spatial dependence of the NO-IRF to solar (or geomagnetic) activity in the thermosphere, the response ranges of NO-IRF to solar (or geomagnetic) activity at different altitudes and latitudes are obtained through least squares fitting. The response values of NO-IRF to solar activity decrease gradually from the equator to two poles, and the variation of geomagnetic response value is just inverse in latitudinal distribution. The standard deviation of solar response increase gradually from the equator to two poles, and the standard deviation of geomagnetic response is also inverse.
The 95% confidence limits of NO-IRF to solar activity and geomagnetic activity were investigated by a multiple linear regression fit using the F 10.7 and Kp indices. The results show that the multiple linear regression is better fits than a linear regression only for F 10.7 or Kp, and the variation of NO-IRF may be dominated by solar activity between~190 km and~225 km, and there is a strong geomagnetic component to the NO-IRF variability between 100 km and~190 km. The influence of solar activity on the variations of NO-IRF gradually decreases with increasing latitude, and the influence of geomagnetic activity on NO-IRF is inverse, that is, increases with the latitude increasing.
